INTRODUCTION
Pluto was discovered on 1930 February 18 by Clyde Tombaugh during his search for Planet-X, a planet lying beyond the orbit of Neptune. The planet was officially announced to the world on 1930 March 13 and named after the Greek god of the underworld. Pluto lies at an average distance from the Sun of 40 AU and has an estimated mass of 1:27 × 10 22 kg. In 1978, Pluto was found to have a moon, Charon (Christy and Harrington 1978) , with a diameter equal to approximately one-half that of Pluto itself. Charon's orbit is synchronous with the 6.4 day rotation period of Pluto.
Pluto's diameter is not especially well known; mutual eclipse events with its moon Charon (e.g., Young and Binzel 1994) tend to give smaller diameters, while stellar occultations (e.g., Millis et al. 1993) give larger sizes. The Millis et al. work is based on the analysis of multiple occultations and comparison to clear atmosphere and haze layer models. Their values for the solid surface of Pluto's diameter are 2390 AE 10 km (clear atmosphere) to 2370-2400 AE 10 km (haze). The radius of Pluto provided by mutual eclipse events, as discussed in Young and Binzel, independent of any limb darkening, yields a value of 2328 AE 45:8 km, which is less than that of Millis et al., albeit at the limit of agreement based on the larger uncertainty. Charon has recent diameter estimates of 1207:2 AE 2:8 km (Sicardy et al. 2006 ) and 1212 AE 16 km (Gulbis et al. 2006) , and the ratio of the mass of Charon to Pluto is well established at 0.1165 (Tholen et al. 2008; Buie et al. 2006) .
The orbit of Pluto has a high eccentricity and inclination with an orbital period of 248 yr; Pluto is in a 3:2 resonance with the orbit of Neptune. Pluto has a relatively high mean albedo in the optical when compared to smaller Kuiper belt objects and many icy satellites, although it does have dark regions and shows phase variations throughout its 6.4 day rotation period (see Buie et al. 2010; Buratti et al. 2003; Young et al. 1999; Reinsch et al. 1994) . Pluto is now known to have five moons, the latest discovered very recently in 2012 July. The four newer moons are very small bodies orbiting Pluto with periods of 20-30 days and visual magnitudes of twenty-fourth and fainter. The NASA New Horizons mission is scheduled to visit Charon and Pluto in 2015 July, making new high-resolution observations of the system particularly timely over the next couple of years.
Observations of Pluto and Charon are difficult due to their faintness (∼14th and ∼16th visual magnitude, respectively), as well as their mean angular separation of only ∼0:8″. Their sizes can be resolved in the highest resolution images, revealing typical angular diameters of 0:11″ for Pluto and 0:05″ for Charon. Speckle imaging of Pluto was attempted over two decades ago by a number of observers, mainly in order to determine the orbital parameters for Charon. Hetterich & Weigelt (1983) and Baier & Weigelt (1987) used an image intensifier, photoncounting camera for their speckle work, and their papers summarize the field at the time. These authors were able to determine Charon's separation and position angle to near 0:025″ and 1°-2°, respectively, using autocorrelation techniques. Baier & Weigelt (1987) even set out to determine the diameters of Pluto and Charon by modeling the source flux distribution in an attempt to reproduce the autocorrelations they obtained. The diameter estimates had nearly a 50% uncertainty. During the 1984-1985 season, Beletic et al. (1989) performed speckle observations of Pluto in order to better define Charon's orbit. Their work used a two-dimensional image intensifier that typically received 30 photons in each Pluto speckle image. They also produced a reconstructed image of Pluto and Charon using 18,000 speckle frames but did fully resolve the two bodies enough to allow diameter measurements.
Given that it is a challenge to obtain an image of the PlutoCharon system with sufficiently good spatial resolution to measure its orbital and physical parameters, we chose to observe these bodies as a test of our speckle camera performance. The results discussed below demonstrate the capabilities of our hardware and software in terms of magnitude limits and resolution. We hope that the results will spark other ideas for the application of speckle imaging.
We observed Pluto with our speckle camera system using the Gemini North (Gemini-N) 8 m telescope. Our camera is a visiting instrument making its first voyage to Gemini. We describe below the observational setup and our speckle imaging techniques, which differ slightly from our previous efforts (see Howell et al. 2011; Horch et al. 2009 Horch et al. , 2011 . We follow this with our results for the Pluto-Charon system. We discuss our camera's abilities, as well as its limitations, for such work and end with some conclusions about future improvements and possibilities for additional speckle imaging applications.
GEMINI SPECKLE OBSERVATIONS AND TECHNIQUES
We observed Pluto using our Differential Speckle Survey Instrument (DSSI) camera (Horch et al. 2009 Howell et al. 2011 ) at the Gemini-N 8 m telescope located on the 4,200 m summit of Mauna Kea on the Big Island of Hawaii. As a visitor instrument, DSSI was mounted on a side-looking Cassegrain port (see Fig. 1 ). The installation went smoothly using a customized interface box and the expert help of the Gemini-N day crew.
The DSSI speckle camera uses a dichroic element to split the beam into red and blue channels, sending single channels to each one of our two 512 × 512 pixel Andor Ixon electron multiplying CCD (EMCCD) cameras. Prior to the dichroic, the beam passes through a collimating lens. The dichroic is then followed by a bandpass filter and a magnifying (reimaging) lens to focus the image on each detector. We used filters with central wavelengths of 692 nm and 880 nm and bandpass widths of 40 nm and 50 nm, respectively. This configuration resulted in plate scales of 0:010859 00 pixel À1 and 0:011366 00 pixel
À1
in the 692 nm and 880 nm channels, respectively. These plate scales were designed to produce nearly Nyquist sampling for point sources imaged at the diffraction limit of an 8 m telescope.
The observing techniques we used to image Pluto were essentially the same as we normally use for speckle imaging of stars. We observed Pluto on 2012 July 28 from 9:00 to 9:36 UT near the meridian at an airmass of 1.3. As always, we also observed a nearby single star to serve as a point source calibrator for image reconstruction. The native seeing at the time is estimated from our data to have been 0.4'' full width at halfmaximum (FWHM). With the telescope guided and tracking Pluto, we obtained eight sets of 1000 frame, 60 ms exposures of the Pluto-Charon system simultaneously in each filter (total exposure time for each filter was 8 min). Our observations of the fifth magnitude calibrator star consisted of one set of 1000 60 ms frames in each filter. In each camera, we selected a 256 × 256 pixel subregion centered on either Pluto or the point source calibrator for read outs. This resulted in a 2:8″ × 2:8″ field of view. A typical 60 ms, 692 nm speckle frame from the Pluto data is shown in Figure 2 .
The speckle instrument settings for Gemini were quite similar to those we have used at the Wisconsin-IndianaYale-NOAO (WIYN) 3.5 m telescope ), but with the pixel scale approximately 2 times smaller in order to produce similar point spread function (PSF) sampling when accounting for the ratio of the diffraction limits on the two telescopes. Our field of view at Gemini was approximately the same size as for WIYN because we chose to read out regions with twice the width on the detector. The field size in either case matches typical widths for the isoplanatic patch, beyond which the seeing effects on two sources become decorrelated and speckle imaging techniques are less effective.
Observing at Gemini with the DSSI presents some relevant differences versus speckle observing at WIYN, however. The median seeing at Gemini in the R-band is ∼0:6″ FWHM, compared with ∼0:8″ at WIYN. This means that the correlation time of the atmosphere is longer at Gemini, and it was therefore appropriate to use a longer frame integration time. At WIYN, we typically use 40 ms; for the observations discussed here, we chose 60 ms. Because of the larger aperture, we had 5.35 times the light that we collect at WIYN in the same filter; but, because of the larger telescope size, there are also more speckles produced on the image plane. Obviously, the large aperture gives the benefits of more total photons per unit time and higher resolution.
To precisely determine our plate scale and instrument rotation, we observed two binary stars with extremely well-known orbits. An estimate of our astrometric precision differences between the 692 and 880 nm observations, as well as the uncertainties in the positions based on the binary star orbital ephemerides, is 2 mas in separation and 0.4°in position angle. More detail on the astrometric calibration for the run will appear in Horch et al. (2012) , in which we will discuss the binary stars and Kepler mission exoplanet targets observed during the run.
RESULTS
According to the JPLHORIZONS estimate, 8 Pluto was at a V magnitude of 14.0, while Charon was fainter at V ¼ 15:9 during the time of our Pluto-Charon observations. The angular separation and position angle of Pluto and Charon were predicted to be 0.81″ and 169.5°, respectively. Pluto itself was expected to produce a resolved angular disk 0.105″ in diameter, while Charon would be smaller with an angular diameter of 0.053″.
The speckle data frames were processed with our existing reduction programs; these involve computation of the spatial frequency power spectrum and near axis subplanes of the bispectrum, as discussed in previous papers (Horch et al. 2009 . In order to determine the relative astrometry of the two bodies, we treated the system as if it were a binary star and used our normal power spectrum fringe fitting routine to arrive at the position angle and separation of Charon and Pluto. Because the two bodies are disks and not point sources, the fringes do not extend to the diffraction limit in the Fourier plane; to compensate for this, we masked the power spectrum with a circular mask that was only slightly larger than the spatial frequency at which the fringes died away and performed the binary fit only inside this region. When done on both the 692 and 880 nm data, the results of this procedure agreed within 0.1°i n position angle and within 0.2 mas in separation between the two filters. The final position angle and separation values are shown in Table 1 . We note that the albedo patterns on Pluto can throw off the relative astrometry in systematic ways as a function of the orbital longitude (e.g., Tholen et al. 2008; Buie et al. 2012) .
We can also determine the magnitude difference between the two sources based on the power spectrum fit. The ratio of the geometric albedos is approximately constant between Pluto and Charon in our two bandpasses: 2.02 (692 nm) and 2.20 (880 nm) (Fink and DiSanti 1988) . We note that our narrow 880 nm filter avoids the CH 4 absorption band in Pluto's spectrum. Table 1 contains our determined magnitude difference values. We have previously studied the uncertainty of magnitude differences in our speckle work with the same instrument at WIYN; using Figure 7 in Horch et al. (2010) as a guide, rough uncertainties for these values are probably in the AE0:15 mag range for each of our two filters.
From the power spectra and bispectra, we computed a final reconstructed image in both filters. These are shown in Figure 3 , where the images clearly show that both bodies are resolved. The 880 nm image was of lower quality than the 692 nm image due to its intrinsically lower resolution (longer wavelength) and the fact that the measured fluxes were lower at the longer   FIG. 2. -One of our typical 692 nm filter, 60 ms speckle frames obtained with the Gemini telescope. Pluto and Charon can both be seen here as relatively faint, extended speckle images. Speckle integration times are matched to the estimated atmospheric correlation times believed to be present above the telescope in an effort to balance the collection of more photons with the ability to use very short exposures in order to freeze the atmospheric distortions. The color bar gives the pixel values, in counts, for the image.
wavelength. Considering the falloff in quantum efficiency of the detector between 692 and 880 nm, as well as the reduction in solar flux and other factors, the count rate in the 880 nm band was only about one third of that in the 692 nm filter. In both images, two known artifacts of the image reconstruction process have been estimated and removed. First, when reconstructing faint sources, our bispectral method can produce a spike at the center of the image that resembles a point source. We removed this by dividing the image with a scaled version of a reconstructed image of a point source added to a frame with unit value in all pixels (Fig. 3) . Thus, the spike is suppressed while pixel values in other parts of the image are unchanged.
Second, lower signal-to-noise ratio (S/N) reconstructions sometimes exhibit a faint "cross" pattern aligned with pixel axes; this is related to the de-biasing of each speckle frame prior to further reduction. We have removed this as much as possible by noting that the signature of the cross in the Fourier plane is also a cross pattern, and we have replaced the value of pixels in the cross in the Fourier plane with an average of nearest neighbor pixels orthogonal to the cross at each point.
In the resulting 692 nm image, the background noise around Charon is approximately 4% of the mean flux in the disk of the moon itself, suggesting that our 3σ detection limit (for a point source) in this reconstructed image is approximately magnitude 18.9. (The value in the 880 nm image is not as faint, owing to the lower S/N.) Therefore, we would not expect to see any of Pluto's other moons even if they were within the frame, due to their faintness (e.g., Weaver et al. 2006) .
In order to measure diameters, we computed the derivatives along cuts in the image that bisect Pluto and Charon respectively. The absolute value of the derivative along such a cut displays two local maxima on each edge of the disk of the body. By measuring the separation between these points, we can estimate the diameter of each body. Since the "cross" pattern mentioned a Based on HORIZONS ephemerides (and uncertainties) calculated for observations from the Gemini-N observatory on 2012 July 28 at 8:29 UT. Our speckle observations were made during the time period of 9:00 to 9:36 UT.
b Despite the agreement here between the two filters, binary star measurements indicate that the speckle results have an uncertainty of ∼2 mas for separation and ∼0:4°for position angle. The image obtained at 880 nm. In both plots, north is up, east is to the left, and the image section shown here is 1:39″ × 1:39″. No pixel smoothing has been applied to this image and the low-level "line pattern" (near vertical and mainly visible in the 880 nm image) centered on Pluto is an artifact of the speckle image reconstruction process. Intensity variations seen on the resolved disks are most likely noise from the image reconstruction process. Lower right insets show a reconstructed point source.
above did not completely subtract away, we have computed derivatives in directions of 45°and 135°relative to the pixel coordinates (that is, along diagonals), to minimize any contributions due to noise spikes in the cross. Before using this method on the data in Figure 3 , we first tried it on rounded (Butterworth profiles, Gonzalez and Woods [2002, p. 173] ) and flat disk models of known diameters, convolved with our expected PSF, and found the derived diameter to match the input diameter to better than 0.5% in all trials, regardless of the details of the shape of the disk. An example of these model fits is shown in Figure 4 . Note, we did not use a Lambertian profile, even though it too has a maximum derivative at the radius of an object. Such a profile can lead to an underestimate of the true radius, due to the edge softening as a result of its cosine nature, and it is also not clear that this sort of profile is appropriate to use in this case, given the known albedo variations. The use of a possibly non-realistic model profile may lead to a small systematic uncertainty in our radii, but we feel this is negligible due to our very high resolution images.
Plots illustrating the diameter fitting for Pluto are shown in Figure 5 for the 692 nm image and in Figure 6 for the 880 nm image. Both sources are fainter, providing slightly lower S/N results, in the 880 nm images. By averaging the two values, we obtain our diameter results for the two bodies, along with an uncertainty, as determined from the standard error of the four 1128 HOWELL ET AL. independent values (that is, two in each filter). Our final values are presented in Table 2 .
For Charon, one final image correction was made prior to estimating the diameter. We have noticed in our past speckle observing that when the image reconstruction is formed for a low S/N observation of a secondary in a binary star system (i.e., a faint companion), the FWHM of the faint companion is larger by a small amount than that of the primary (brighter) source. While the effect warrants more study, we believe that this is due to slight decorrelation of the speckles between the primary and secondary sources. This fact suggests that, in the case of the sixteenth magnitude Charon, we should anticipate that the value of the diameter obtained from the raw reconstructed image would be slightly overestimated. To quantify this effect, we examined the FWHM of two relatively faint binary stars with very faint, low S/N secondaries observed during our Gemini run and determined that the ratio of the secondary to primary FWHM is approximately1:36 AE 0:15. We assumed that the Charon image is affected in the same way and divided our raw diameter measurement as described above by this same factor. The final diameters for Charon are shown in Table 2 , and plots illustrating the diameter measurements are shown in Figures 7 and 8. Our final measurements for the diameters of both Pluto and Charon agree well with the currently-known values.
CONCLUSIONS
We have used the Gemini-N 8 m telescope with our DSSI speckle camera to observe the planet Pluto and its largest moon Charon. Our results for the relative astrometry of Charon's separation and position angle are given and agree with the best ephemeris values. If additional speckle observations of the Pluto-Charon system would show that parameter determination is insensitive to albedo patterns, further speckle observations may be a valuable addition to the orbit determination. Furthermore, we have produced the first fully-resolved, reconstructed speckle image of Pluto and Charon that resulted in measurements of their angular diameters. The measured angular diameters of Pluto and Charon are equal to the current best values to within ∼3-4 mas, respectively. Speckle observations could potentially contribute to resolving the occultation versus mutual event diameter uncertainty prior to the encounter by New Horizons in 2015.
The speckle observations discussed here, produced results essentially in agreement with our pre-observation expectations. Our EMCCD cameras have typical sensitivities throughout the optical range, and various choices of the two filters to use for specific simultaneous observations are easily accommodated. Additional improvements to our reduction pipeline, such as production of model point sources and handling of sky background reconstruction, suggested themselves, and we have initiated plans to study alternative software approaches in these areas. Given the ability to produce fully resolved, high resolution optical images with our speckle camera, we believe that solar system studies of other objects (e.g., binary asteroids, rotation and shape determination, astrometric orbits) are warranted. Speckle observations of additional astronomical objects, such as star cluster cores or astrophysical jets, would be excellent targets as well. 1130 HOWELL ET AL. 2012 PASP, 124:1124 -1131 
